Abstract-Ultracompact directional couplers (DCs) based on dielectric-loaded surface plasmon-polariton waveguides (DLSPPWs) are analyzed using the effective index method (EIM), with the coupling, both in the parallel interaction region and inand out-coupling regions, being taken into account. Near-field characterization of fabricated DCs performed with a scanning near-field optical microscope verifies the applicability of the EIM in the analysis and design of DLSPPW-based wavelength-selective DCs. The design approach applicable to a large variety of integrated optical waveguides is developed, enabling the realization of DCs in which optical signals at two different wavelengths are coupled into two separate output channels. The developed approach ensures minimization of the crosstalk and overall DC length via simultaneous adjustment of the waveguide separation and length of the interaction region. As an example, the design of a DLSPPW-based DC for complete separation of telecommunication signals at the wavelengths = 1400 nm and = 1600 nm between two output channels separated by 6 m is worked out, resulting in the total device length of 52.3 m. In addition, the design of an ultracompact DLSPPW-based DC waveguide crossing that ensures a very low crosstalk over a large wavelength band in the telecommunication range is considered.
and separation of wavelengths. Such wavelength-selective components are essential in the realization of demultiplexing components and could be based on, e.g., waveguide-ring resonators (WRRs) or directional couplers (DCs). Some of the most promising technologies to achieve compact nanophotonic circuits are based on plasmonics, i.e., surface plasmon polaritons (SPPs). SPPs are collective waves in the surface plasma of a metal coupled to light waves [1] , [2] . The SPPs are TM in nature, bound to, and propagate along the interface between a metal and a dielectric, with a field maximum right at the interface, and an exponential decay away from it. SPPs typically penetrate in the order of tens of nanometers in the metal and hundreds of nanometers in the dielectric, and thus feature a strong intrinsic confinement in the direction perpendicular to the metal-dielectric interface [3] . When designing plasmonic waveguides, it is thus important to achieve a strong lateral confinement in order to minimize radiation losses when bending the waveguide and maximize the integration of plasmonic components. Due to the metal involved, another challenge in the design is to minimize the propagation losses when retaining the demand of single-mode propagation and strong confinement. Several different plasmonic waveguide structures seeking to obey these demands have been proposed and investigated in recent years, among which are V-shaped and rectangular grooves in an otherwise smooth metal film [4] [5] [6] , thin metal stripes embedded in a dielectric [7] , [8] , and chains of closely spaced metal nanoparticles [9] , [10] . The possibility of realizing wavelength-dependent components and, in particular, directional coupling with these types of plasmonic waveguides has been also investigated recently by several research groups [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Another promising, and technologically simple, approach to achieve strong lateral confinement with plasmonic waveguides is to utilize dielectric ridges deposited on a smooth metal film as high-index contrast waveguides [20] , [21] . This type of plasmonic waveguides are attractive due to the fabrication method, which is compatible with large-scale industry lithography, and the versatility offered by the choice of dielectric used as the ridge guides. Extensive theoretical [22] [23] [24] [25] and experimental [26] [27] [28] researches have confirmed the promise of realizing single-mode waveguides with strong confinement, compact bends, splitters, and wavelength-selective components such as Bragg filters and WRRs [29] , [30] , and in addition to this, DCs have also been fabricated and characterized [31] , [32] . However, it still remains to be seen how DCs can be utilized to obtain physical separation of two wavelengths, needed for realizing a demultiplexer, and to achieve low crosstalk waveguide crossings. In this paper, we present effective index method (EIM) calculations of dielectric-loaded surface plasmon-polariton waveguide (DLSPPW) based DCs along with scanning near-field optical microscope (SNOM) measurements performed on fabricated DCs, which verify the validity of the EIM in the analysis of the DCs. Furthermore, approaches for designing DCs capable of physically separating two specific wavelengths and DCs that offer the possibility of crossing two waveguides are proposed, and application examples are presented.
The paper is organized as follows. In Section II, the DLSPPW structure is introduced, the DC layout is presented, and a description of the EIM used in the analysis and design of DCs is given. In Section III, a brief description of the experimental setup for performing near-field measurements is given, and results obtained from near-field optical images of fabricated DCs are compared to EIM calculations. In Section IV, a DC design approach is introduced, and design examples are given based on the DLSPPW technology. In Section V, a discussion of the obtained results is presented and we offer our conclusions.
II. EIM CALCULATIONS
In guided-wave photonics, there are generally two approaches to analyze DCs. The coupled-mode approach, where the presence of a second identical waveguide is included by considering it a perturbation to the unperturbed field profiles associated with a mode incident in the first waveguide, and the supermode approach, where the phase difference between the two modes supported by the entire structure is considered. The coupled-mode approach has the advantage of being computationally simple; however, since the field profiles used in the calculation of the coupling are those of two waveguides in isolation, they are approximations valid for weak coupling only, i.e., large separation between the waveguides [33] . This is not the case for the plasmonic DCs considered in this paper, and thus the supermode approach is applied in the following.
The DCs investigated in this paper basically consists of four sections, being the DLSPPW mode excitation region, in the form of a funnel, an in-coupling S-bend bringing the two waveguides into close proximity, a parallel interaction region, and an out-coupling S-bend separating the two waveguides again [ Fig. 1(a) ]. In the notation used throughout, the initial and final center-to-center separation of the two waveguides is , the separation at the parallel section is , the length of the parallel section is , and the length of the S-bends is . The S-bends are based on cosine curves, where the center-to-center separation is given as (1) in the case of the in-coupling S-bend ( at the beginning of the bend). The DLSPPWs consists of a rectangular dielectric ridge of height , width , and refractive index deposited on a metal film of refractive index , and bound by air, , shown in [ Fig. 1(b) ].
Earlier, the EIM has proved to be accurate and reliable in the description of straight DLSPPWs and DLSPPW components [22] , [27] , [30] , and is thus expected to describe the behavior of DLSPPW-based DCs as well. In the EIM, the problem of finding eigenmodes in a 2-D geometry is reduced to consecutively by solving two 1-D eigenmode problems, which can be done straightforwardly with a multilayer waveguide solver. When considering DCs, the first step in the EIM calculation is to find the mode effective index of a three layer air-dielectric-metal geometry with infinite height of the air and metal layer, and height of the dielectric layer, corresponding to setting . In this calculation, -polarized modes are assumed corresponding to SPP modes. The mode effective index found in this calculation is then used to represent the two waveguide regions of width in the second step. Outside these regions, the mode effective index of an SPP propagating along a smooth metal film with air above is used. This five-layer geometry is then solved for -polarized modes, and a symmetric and an antisymmetric modes are obtained [ Fig. 1(c) ]. These two modes are orthogonal and uncoupled; thus, if the propagation losses are ignored, the only effect on the modes due to propagation over a distance is the phase shift (2) where is the vacuum wavelength. When the accumulated phase difference between the two modes reaches a value of , the mode power has shifted completely from one waveguide to the other. The length corresponding to this shift is denoted by the coupling length and can be written as (3) where . Thus, knowing the dependencies of the effective indexes of the symmetric and antisymmetric modes on, e.g., wavelength and waveguide separation, one can analyze the coupling properties of the DC.
In the EIM calculations, gold is used for the metal film, which is considered optically thick, with the complex refractive index taken from [34] . The dielectric used is polymethyl-methacrylate (PMMA) with refractive index nm, and nm, which are found to be the optimum dimensions at telecommunication wavelengths [22] . By varying the gap between the two waveguides in the calculation, a dependence on can be established (Fig. 2) . For a DC where the two waveguides are brought into contact with one another, i.e., , a very short coupling length with weak dependence on wavelength is expected as most of the mode powers are concentrated inside the double-width waveguide. However, in general, the coupling lengths are expected to be larger for shorter wavelengths due to the better confinement to the ridge, and thus less coupling to an adjacent ridge. An increase in increases the coupling length exponentially, as the DLSPPW mode fields decrease exponentially outside the ridge. These trends are confirmed in the EIM calculations of the coupling length (Fig. 2) .
When extending the calculations to consider coupling between the two waveguides in the S-bends, with nonuniform separation between the waveguides, a slightly modified approach is needed. In order to find the phase change due to coupling in the S-bend, a dependence of the coupling constant , given as (4) on the separation must be established by means of the EIM. As the coupling length shows an exponential dependence on , so does , and by fitting the EIM results of , the analytical expression (5) can be established, with and being the wavelength dependent factors. Using this and the expression for the waveguide separation throughout the S-bend given by (1), the phase change due to an S-bend can be written as (6) Solving this equation, using the S-bend parameters m and m (used in the fabricated DC samples) confirm that the coupling increases with wavelength, but decreases exponentially with (Fig. 2) , as was the case in the parallel section. The results clearly illustrate the importance of including the coupling between the waveguides in the in-and out-coupling S-bends, particularly for small values. Once established, the analytical approach to find the phase change due to the S-bends can be easily adapted to different S-bend parameters. Finding the phase change for several different initial separations ranging from barely decoupled [23] waveguides ( m) to large separation ( m) illustrates the importance in the choice of initial waveguide offset values (Fig. 3) . As expected from the earlier results, the coupling in the S-bend has an exponential dependence on initial waveguide separation. The large influence of the S-bend on the total device performance is clearly illustrated by contemplating the case when nm and m, where corresponds to 90% shift of mode energy to the cross arm (a complete shift corresponds to ). By being able to describe the coupling in the parallel interaction region and in the in-and out-coupling S-bends, one is able to analyze the performance of the whole DC device, and thus being able to describe the influence of the wavelength, the initial separation, the separation in the parallel section, and the length of the parallel section. The total accumulated phase difference can be calculated as (7) where the first term is related to the two S-bends and the second term to the parallel section.
III. NEAR-FIELD CHARACTERIZATION
In order to validate the applicability of the EIM in the analysis of DLSPPW-based DCs, the earlier results are compared to results obtained from fabricated DC structures by application of an SNOM. The samples are fabricated using deep-UV lithography, at a wavelength of 250 nm, with a Süss Microtech MJB4 mask aligner in the vacuum contact mode. A layer of PMMA resist is spin-coated on a thin gold film ( nm) deposited on a supporting glass substrate, and the structures are written using a commercially fabricated mask. The height of the DLSPPWs, as investigated with an atomic force microscope (AFM) is found to be nm, and the width, as investigated with an SEM, is found to be nm, which ensures close to optimum performance [22] . The thickness of the gold film is chosen in order to allow for DLSPPW excitation from below, using the Kretschmann-Raether configuration [2] , while keeping the propagation losses, due to radiation back into the glass substrate, as low as possible. By depositing the sample substrate on a high-index prism using index matching immersion oil, and focusing a Gaussian beam to a spot size of 15 m on the bottom interface of the gold film, just below the excitation funnel [ Fig. 1(a) ], the mode index of DLSPPs in the funnel is matched. Topographical and near-field optical images of the fabricated DCs are collected using an SNOM, operating in collection mode, by raster scanning a tapered uncoated fiber tip across the sample surface.
The DC structures are fabricated using the S-bend parameters m and m when varying . The length of the parallel section is kept constant, i.e., m. The recorded topographical images confirm the fabrication of DCs of high quality with a very low degree of defects [ Fig. 4(a) ], and the near-field optical images show the coupling between the straight (the one excited) and cross arms [ Fig. 4(b)-(e) ]. The propagation losses observed in the near-field optical images are found in good correspondence to previous observations of DLSPPW structures exhibiting the mode propagation length of 50 m [27] . The rapid increase in coupling length with separation is clearly observed in the recorded near-field images, and by performing a wavelength scan of each of the DCs, the dispersion with respect to wavelength can be obtained. By determining the coupling lengths from profiles of the near-field optical images and finding the best fit of EIM calculated curves (fitting ), it is observed that the EIM describes the behavior of the DCs with regard to separation and wavelength well [ Fig. 4(f) ].
Observing the performance of one of the fabricated DCs with nm, by contemplation of the near-field images at two different wavelengths nm [ Fig. 5(b) ] and nm [ Fig. 5(c) ], shows that although the coupling is different at the two wavelengths, the output of the DC is more or less identical [ Fig. 5(f) ]. Note that the bright spot at the output of the straight arm is caused by scatting due to a defect, which occurred during near-field investigation. This performance is in wide contrast to the performance of another of the fabricated DCs with nm. In this case, close to all of the mode power is transmitted through the straight arm at nm [ Fig. 5(d) ], whereas a splitting occurs at nm [ Fig. 5(e) ], which is clearly illustrated by the cross-sectional profiles at the DC output [ Fig. 5(f) ]. Inclusion of the S-bends in the EIM calculation enables the calculation of the total number of beatings throughout the whole DC, which can be easily compared to the near-field optical images, and explain the earlier observation. The total number of beatings is obtained by using (7) to calculate the total phase change in the DC and dividing by [ Fig. 5(g) ]. An even number of beatings means transmission through the straight arm, whereas an odd number of beatings results in transmission through the cross arm. From the EIM results, it is clear that the nm curve intersects four beatings at nm, i.e., in the middle of the band bound by nm and nm, and thus transmits all mode power in the straight arm [see Fig. 4(b) ] here. In the case of the nm DC, however, the curve intersects two beatings right at . This clearly demonstrates the need for careful design, when applying DCs for physical separation of different wavelengths, as the output from the nm DC is the same at nm and nm. In addition, the results presented in Fig. 5 show a good correspondence between EIM calculations and the results obtained by performing SNOM measurements on fabricated DC structures, thus confirming that the EIM is applicable in the analysis of DCs based on DLSPPWs.
IV. DESIGN
Having established a valid method for analysis of DLSPPWbased DCs enables design of different components necessary in the realization of compact photonic circuits. Two essential features in photonic circuits are wavelength selection, e.g., separating two wavelengths, and low crosstalk waveguide crossings. A design approach for each of these components is suggested in the following, and exemplified by application to the DLSPPW technology.
A. Wavelength Selection
Physical separation of two distinct wavelengths propagating in the same multichannel waveguide can be achieved with a DC by carefully designing the length of the parallel section and the separation . In order to achieve separation of two signals with the wavelengths and , both incident in the straight channel, the total number of beatings through the DC at the two wavelengths and must be positive integers and the difference in beatings must be one (8) where it is assumed that . Expressing and in terms of , and using (7) yields (9) (10) Fig. 6 . Illustration of the EIM design approach for achieving physical separation of the two wavelengths = 1400 nm and = 1600 nm. The length of the parallel section is shown as a function of the waveguide separation on the left y-axis, calculated using (11) . The number of total beatings through the DC for the two wavelengths is plotted on the right y axis as a function of waveguide separation using (9) and (10) . The optimum (minimized device length) separation and length of parallel section is marked by the thin lines.
where and depend on and , and and depend on and (assuming and fixed). By insertion in (8) , one can express the length of the parallel section in terms of the coupling lengths and phase changes in the S-bends as (11) Choosing the two wavelengths that must be separated in the DC, one can find the dependency of . For small separations, approaches (Fig. 2) , and thus increases rapidly as the denominator approaches zero. For large and increase exponentially, and thus, also increases rapidly. Thus, a minimum in is expected and indeed obtained when plotting versus for the choice of wavelengths nm and nm, and the S-bend parameters m and m (Fig. 6) . Using (9) and (10), one can now determine the number of beatings at the two wavelengths for each value. The design task is then simplified to choose the value that makes the device as short as possible, and the optimum and can be obtained. In the design example shown in Fig. 6 , is found to best match the minimum in , yielding the optimum device parameters nm and m, giving a total device length m (due to the two S-bends), which is comparable to the propagation length currently achieved with the DLSPPW technology [27] . It is thus illustrated that the design of very efficient wavelength separation components, with spectra similar to that of [32, Fig. 3] , is possible by utilizing the EIM in the analysis of DCs.
B. Waveguide Crossing
Another essential integrated photonic component that can be realized with a DC is a waveguide crossing, where the signal incident in the straight channel is output to the cross channel and visa versa. Strictly speaking, the waveguides are not crossed, but the term waveguide crossing is used to emphasize that the result of this coupler is the crossing of the signals incident in the two waveguides. This implies that the total number of beatings Fig. 7 . Design approach for realizing perfect waveguide crossing by means of a DC. The waveguide crossing is designed to perfectly, i.e., no crosstalk, cross two waveguides transmitting signals at the wavelengths = 1400 nm and = 1600 nm, respectively. The length of the parallel section (L ) is calculated using (13) , and the number of beatings in the DC at the two wavelengths are calculated using (9) and (10) . At the specified wavelengths, the optimum DC parameters are S = 793 nm and L = 68:9 m. must be a positive and odd integer at the desired wavelengths. In the case of perfect crossing (no crosstalk) of two channels transmitting at two distinct and different wavelengths, it is furthermore a requirement that (12) which results in an expression for the length of the parallel section as (13) This indicates a behavior with respect to similar to that shown before in Fig. 6 , except of an offset toward longer parallel section due to the factor of 2 in the numerator. This is confirmed by performing a calculation of for a waveguide crossing of two channels operating at nm and nm, and for the S-bend parameters m and m (Fig. 7) . Using the calculated waveguide separation dependency of , one find the dependency of and on as before (Fig. 7) , and it is evident that choosing results to a device as short as possible. The waveguide crossing design parameters for perfect crossing of two waveguides at nm and nm, respectively, is thus nm and m, resulting in a total device length of m. This quite long device length is excessive for many applications and, in addition, very specific, as only two distinct wavelengths can be crossed without crosstalk, and thus another design approach, slightly compromising the crosstalk, but decreasing the propagation losses, is considered in the following.
The task is thus to design a waveguide crossing that is short and with low crosstalk over a wideband of wavelengths. In the following design approach, the telecommunication wavelength band of nm is considered, and the S-bend parameters m and m used. Due to the dispersion of the coupling length with wavelength, crosstalk in a wideband waveguide crossing is unavoidable; however, it can be minimized by carefully choosing the waveguide separation and device length. The shortest possible waveguide crossing that can be achieved with a DC is obtained by assuming that the wavelength band in each channel is identical, i.e., , and by setting the total number of beatings equal to 1, indicating one shift of energy from the straight channel to the cross channel or visa versa (14) From this, an expression for can be obtained as (15) Due to the exponential decrease of with and the exponential increase of with increases exponentially with waveguide separation, but decreases with wavelength (Fig. 8) . With regard to device length, it is obviously preferable to have as small separation as possible, and it is interesting to observe that this is also the case with regard to crosstalk, as the difference in for different wavelengths increases rapidly with increasing . This means that it is unambiguously an advantage to keep as small as possible. To exemplify this, a waveguide crossing is designed for nm, which is the center of the wavelength band nm, by calculating using (15) for the two waveguide separations nm, i.e., no gap, and nm. At nm, the length of the parallel section is calculated to be m, and at nm, the length of the parallel section is calculated to be m, yielding device lengths of m and m, respectively. The normalized mode power transmission, i.e., ignoring propagation and bend losses, in the straight and cross arms, respectively, with incident signal in the straight arm only, is calculated using (16) As the design was performed for nm, the mode will be transmitted without crosstalk in the cross arm at that wavelength, for both choices of , whereas the crosstalk increases with increasing shift of wavelength (Fig. 9) . Due to the very low dispersion in with wavelength at nm (see Fig. 8 ), the crosstalk is very low in this design, reaching a maximum at nm of dB, indicating very good performance of the device. On the contrary, the nm design has much higher crosstalk, reaching a maximum of dB at nm, illustrating the importance of keeping the separation as small as possible for this type of device. This design example shows that the realization of low crosstalk and short (less than half of the mode propagation length) waveguide crossings is possible by careful choice of waveguide separation and length of parallel section.
V. CONCLUSION Compact directional couplers based on dielectric-loaded plasmonic waveguides has been analyzed using the EIM, and the dependencies on wavelength, in-and out-coupling S-bends, waveguide separation, and length of interaction region have been established in the telecommunication range. The validity of the EIM in the analysis of DLSPPW-based DCs has been L is plotted versus center-to-center separation at the parallel section S for the three wavelengths = 1400 nm, = 1500 nm, and = 1600 nm. Fig. 9 . EIM calculated transmission in the straight and cross arms, respectively, of a waveguide crossing designed for crossing two waveguides at = 1500nm, with incident signal in the straight arm only. The transmission is plotted for two different S values. For S = 500 nm, the maximum crosstalk is = 022:3 dB, and for S = 1100 nm, the maximum crosstalk is = 09:29 dB, both at = 1400 nm.
verified by comparison with near-field optical images of fabricated DCs, obtained by application of an SNOM. A very good correspondence between the obtained near-field images and the EIM simulated results has been obtained, and the near-field images furthermore exemplify the need for careful design of DCs in order to achieve, e.g., wavelength selection. Utilizing the EIM, a design approach for realizing wavelength-selective plasmonic components, where physical separation of two signals with different wavelengths, has been achieved by means of a DC. Based on the DLSPPW technology, a wavelength-selective DC separating the wavelengths nm and nm has been designed. With a center-to-center waveguide separation of nm, total device length of m (comparable to the DLSPPW mode propagation length), and very low crosstalk, this is a rather compact and practical wavelength-selective component. Using a similar approach, the design of a low crosstalk waveguide crossing has been demonstrated, and it has been found that by keeping the waveguide separation in the interaction region small, short, and close to wavelength invariant crossings can be realized. A design example shows that a crossing of two DLSPPW channels with signals covering a 200 nm large wavelength band can be realized with a maximum crosstalk of dB, and a total device length of 20.2 m. These results show that a diversity of applications are offered by plasmonic components based on DCs, thus confirming it to be a very promising research area.
